Nowadays, humans spend most of their time indoors and are frequently exposed to volatile organic compounds (VOCs) from various sources. The photocatalytic oxidation (PCO) method is a relatively more efficient method than the adsorption method for removing VOCs from the environment. In this work, graphene oxide (GO) was partially reduced via photoreduction under ultraviolet light (UV-A) irradiation and then used as a photocatalyst to degrade VOCs. After photoreduction, the band gap of the partially reduced graphene oxide (PRGO) decreased from 3.5-4.5 eV to 3.1-4.0 eV. Methanol vapour, which acts as a model VOC, was photodegraded using the PRGO. The effectiveness of the PRGO was mainly due to the removal of oxygen functional groups and restoration of the sp 2 domain. This lowered the band gap and slowed down the electron recombination rate, which resulted in a higher photocatalytic activity. The photocatalytic activity of PRGO followed pseudo-first order kinetics, with a rate constant of 0.0025 min À1 , and it could be reused for five cycles without any significant loss in the photocatalytic activity. This study demonstrates the potential of PRGO as a versatile and stable metalfree photocatalyst to remove indoor pollutants.
Introduction
In recent years, a great deal of attention has been paid to understanding and improving indoor air quality. There has been substantial research in determining personal exposure to pollutants, as people today spend more than 70% of their time indoors. 1, 2 Although indoor pollution is not seen as being as hazardous as outdoor pollution, concentrations of indoor contaminants are oen higher than those outdoors and most of them can be attributed to human activities, furniture, and building materials. 3 Concern has been raised over possible health effects, such as the "sick-building syndrome", from exposure to indoor air pollutants, especially to volatile organic compounds (VOCs). 1, 4 One study found that people exposed to a mixture of indoor VOCs exceeding 3 ppb can start to experience feelings of discomfort. 3 Methanol was used as a model VOC compound for this study of photodegradation, as it is one of the most abundant VOCs found indoors and has widespread use. 5, 6 It can be emitted from surface coatings, 4 furniture, 7 human breath, 8 and detergents. 9 Methanol is colourless, mild in odour, and has a relatively high vapour pressure. Furthermore, inhalation of methanol vapour can cause headaches, eye damage, and dermatitis. 10 Generally, there are two ways to treat VOCs, namely nondestructive and destructive methods. Non-destructive methods are preferred in some industries, where VOCs can be captured and reused to lowers costs. 11 Meanwhile, the destructive method is suitable for the indoor environment to limit the exposure of occupants to VOCs. Photocatalytic oxidation (PCO) is one of the most widely studied destructive technologies. [12] [13] [14] In the PCO process, reactive oxygen species (ROS) are generated from the photocatalyst upon light irradiation. Then, the ROS mineralize VOCs into simpler, harmless compounds. 11 Commonly, metal oxides such as titanium dioxide and zinc oxide are used to carry out PCO studies. [15] [16] [17] For instance, methanol PCO was previously explored in a few studies with metal oxide-based photocatalysts. [18] [19] [20] [21] In contrast to metal oxide-based photocatalysis, a carbonbased catalyst is a metal-free option that is low in cost and uses carbon, which has high abundance in the earth. [22] [23] [24] In addition, the adsorption capacity and specicity of carbonbased photocatalysts can be controlled by surface functionalization, 25 altering the amount of p-conjugated binding, 26 and creating pore structures. 27 Carbon-based catalysts are highly versatile in carrying out various photocatalytic activities, as their band gaps are tunable 28 and can be tailored into n-type or p-type photocatalysts. 29 Recently, graphene oxide (GO) has arisen as a potential eco-friendly photocatalyst. 24 GO can be reduced to produce partially reduced graphene oxide (PRGO) or reduced graphene oxide (rGO) through various reduction methods, such as thermal, microwave, photoreduction, chemical, electrochemical, and multistep reduction processes. 30, 31 Photoreduction of GO is a more recent reduction technique in which different magnitudes of photon energy produce different degrees of reduction. 32, 33 GO reduced by irradiation shows a higher efficiency as a conductor than PRGO reduced via chemical and hydrothermal techniques. 34 Substantial amounts of research on GO with different oxidation levels and band gaps have been carried out to explore its use as a photocatalyst in dye degradation, 28, [35] [36] [37] water splitting, [38] [39] [40] photoreduction of CO 2 , 41 and organic pollutant removal from water. 24, 42 Moreover, GO has also been studied as a support to improve the adsorption capability of photocatalysts for pollutant removal. 43, 44 Nevertheless, there is lack of studies on photoreduced GO as a photocatalyst for the photodegradation of VOCs.
In this study, PRGO was synthesized via photoreduction and demonstrated high efficiency in the photodegradation of a VOC, namely methanol, under UV light irradiation. The physicochemical properties and photodecomposition activity of the PRGOs were investigated.
Experimental section

Materials
Graphite akes (100 mesh size) were purchased from XFNANO Ltd. Sulfuric acid (H 2 SO 4 , 95-97%), phosphoric acid (H 3 PO 4 , 85%), potassium permanganate (KMnO 4 , >99%), hydrogen peroxide (H 2 O 2 , 30%), hydrochloric acid (HCl, 37%), isopropanol (IPA, >99.5%), and magnesium nitrate hexahydrate salt (Mg(NO 3 ) 2 $6H 2 O, 99%) were all purchased from Sigma-Aldrich. The stainless-steel 304 wire mesh (100 mesh size) was purchased from Audew Ltd.
Synthesis of GO
In a typical synthesis, 3 g of graphite akes was dispersed in a mixture of 300 ml of H 2 SO 4 and H 3 PO 4 (9 : 1 volume ratio) under constant stirring. Then, 18 g of KMnO 4 was slowly added into the suspension and heated to 50 C for 12 hours before being transferred into an ice bath to stop the reaction. The reaction was stopped by adding 50 ml of deionized (DI) water dropwise into the suspension, followed by the pouring of 250 ml of DI water rapidly into the solution. Then, 6 ml of H 2 O 2 was added dropwise to the suspension and the colour changed from purplish brown to yellowish brown, indicating the end point. The suspension was washed with 1 M HCl and DI water alternately via centrifugation until a pH of 3-4 was reached. The GO was dispersed in DI water for storage aer the washing process.
Synthesis of PRGO via photoreduction
A solvent exchange technique was performed, where water was separated from the GO suspension via centrifugation, followed by redispersion in IPA repeatedly to transfer GO from water into the IPA medium. IPA was used as the electrophoretic deposition (EPD) medium to prevent the bubbling effect (simultaneous water splitting) during EPD. 45 Next, the GO/IPA suspension was diluted to a concentration of 0.20 mg ml À1 , and then a small amount of magnesium salt (0.00025 mg ml À1 ) was added. A 100mesh stainless-steel 304 wire mesh was cut into 11 cm Â 5 cm size as the substrate electrode, while another piece was cut into 12 cm Â 6 cm as the counter electrode. The EPD process was carried out at 110 V, with a constant electrode distance of 2 cm for 60 min on both sides of the wire mesh. Aer that, the substrate was dried in an oven for 60 min at 70 C and the weight of GO loaded was measured. The electrophoreticdeposited GO was then photoreduced by irradiation with UV-A (4W) for specic times. The prepared PRGOs were denoted as PRGO-X, with X representing the UV-A irradiation times of 0, 2, 4, 6, 8, and 10 hours. Aer photoreduction, the PRGO was dried in the oven (60 min at 70 C). Changes in colour of the PRGO were monitored throughout the photoreduction process.
Characterization
Ultraviolet-visible (UV-vis) spectra were collected using a Perki-nElmer Lambda 35 UV/Vis spectrophotometer (Massachusetts, USA) from 200-800 nm. The Tauc plot linear extrapolation technique was used to determine the optical band gaps (E Bg ), where the square of the absorbance energy (aE) was plotted against the photon energy (hn) to determine the direct band gap (p / p*) transition. Raman and photoluminescence (PL) analysis were performed using a Renishaw inVia Raman microscope (Gloucestershire, UK) with 514 nm Ar-ion laser (1000-3200 cm À1 ) and a 325 nm Ar-ion laser (400-750 nm). Thin lm X-ray diffraction (XRD) analysis was carried out using a PANalytical Empyrean X-ray diffractometer (Almelo, The Netherlands) equipped with CuKa radiation (l ¼ 1.5406Å) at 45 kV and 40 mA, at a scanning rate of 0.1 s À1 for 2q values from 5 to 80 . X-ray photoelectron spectroscopy (XPS) measurements were performed using a JPS9030-JEOL (Tokyo, Japan) with a MgKa X-ray source (1253.6 eV) and an aperture diameter of 6 mm (correction factor of carbon: 284.5 eV). Attenuated total reectance Fourier-transform infrared (ATR-FTIR) spectra in the region 500-4000 cm À1 were obtained with a PerkinElmer FTIR-Spectrum 400 spectrometer (Massachusetts, USA).
Adsorption and PCO of methanol
A custom-made VOC PCO chamber with a total volume of 12 L was designed to simulate an enclosed indoor environment under ambient conditions ( Fig. 1) . A dark adsorption experiment was carried out to determine the adsorption capacity of methanol (1 ppm) of each PRGO sample. Methanol concentration was measured by a Gastech photoionization detector (PID) for VOC. The VOC concentration was measured in units of composite index of air quality (CIAQ). A linear calibration curve was constructed to relate CIAQ to ppm.
The adsorption capacity, Q (mg g À1 ) was calculated using eqn (1):
where C o and C e are the methanol concentration (ppm) at initial and equilibrium, V is the internal volume of the photoreactor (L), and W is the weight of the loaded PRGO (g). For the PCO process, 50 mg of PRGO was placed in the middle of the PCO chamber located at 5 cm from the 4W UV-A lamp (peak wavelength at 365 nm, equivalent to a photon energy of 3.39 eV). Methanol (1 ppm) was introduced into the chamber and the chamber was quickly sealed to be air tight, allowing the VOC to vapourize inside the chamber. A diaphragm pump was connected to the chamber to provide air circulation, and to dose a portion of the circulated air into the PID. Aer adsorption equilibrium was achieved, the UV-A light bulbs were switched on to begin the PCO test. The PCO experiment was carried out at room temperature (25 C) with an indoor humidity of 65% relative humidity (RH). The PID value was monitored continuously to measure the methanol concentration for 100 min. The removal photodegradation percentage of methanol, %C r was calculated using eqn (2):
where C f (ppm) is the residual concentration of methanol aer 100 min. The methanol removal versus time was tted to pseudo-rst order kinetics as described by the Langmuir-Hinshelwood kinetic model given in eqn (3):
where C t is the concentration of methanol (ppm) at time t (min) and k (min À1 ) is the pseudo-rst order rate constant.
Photocatalyst recyclability tests
To determine the best PCO performance the stability of the PRGO was examined by ve consecutive PCO cycles under the same reaction conditions with 2 ppm initial methanol concentration. Aer each cycle, the PRGO was dried at 70 C to use for the next cycle. UV-vis absorbance analysis was carried out to investigate the optical properties of the assynthesized GO and PRGOs (Fig. 3a) . All of them showed a peak at around 230 nm (p-p* transition of C]C) and the appearance of a small shoulder near 300 nm (n-p* transition of C]O). Aer photoreduction, the peak was not signicantly shied, while the shoulder at 300 nm was broadened. The non-shiing peak is in contrast with some GO reduction studies where the peak is gradually red-shied to 260-270 nm aer reduction. 48, 49 This probably implies that the UV-A photoreduction method is a milder reduction method, where GO is only partially reduced. This is important as PRGO is a semiconductor with a nite band gap, while a greatly reduced GO (rGO) will have a near-zero band gap and behave more like a conductor. 50 In addition, the broadened area between 300 and 800 nm indicated that the sp 2 hybridization carbon atom fraction was partially recovered and the p electron concentration was increased aer photoreduction. 51, 52 As shown in Fig. 3b , the Tauc plot linear extrapolation technique was used to determine the band gaps of the GO and PRGOs. GO-based materials have a cluster of collective band structures due to graphene of different oxygenation levels, giving them a range of band gaps instead of an absolute value. 26, 53 Aer photoreduction the band gap was reduced and stabilized, with PRGO-8 and PRGO-10 having the lowest band gap at 3.10-4.00 eV. The band gap energy was sufficient to overcome the theoretical energy requirement of 2.71 eV to produce the ROS pair (superoxide, $O À 2 and hydroxyl radical, OHc) under UV-A excitation for VOC photodegradation. 54 3.2.2. Raman analysis. Fig. 4 presents the Raman spectra of the GO and PRGOs and all have two strong peaks at the D ($1350 cm À1 ) and G ($1600 cm À1 ) modes. Two smaller peaks at 2D ($2722 cm À1 ) and S3 ($2930 cm À1 ) appeared aer photoreduction. The D band represents the disordered structure of graphene; the G band is from the scattering of the E 2g phonon of sp 2 carbon atoms; 2D is the second-order of the D band, which is used to evaluate the stacking order of the c-axis orientation; while the S3 band is from imperfect activated grouping of phonons. 55 Before photoreduction, the 2D peak was not observed (GO and PRGO-0). This could be due to the heavily oxidized surface causing high disorder and multilayers overlapping at the c-axis. [56] [57] [58] The peak intensity ratio of D to G (I D /I G ratio) and 2D to G (I 2D /I G ) increased steadily aer photoreduction, from 0.88 and 0.00 (PRGO-0) to 0.98 and 0.11 (PRGO-10). The increase of I D /I G ratio indicated the formation of new smaller graphitic domains upon photoreduction, which reduce the average size of the sp 2 fraction. 59, 60 Meanwhile, the increase of I 2D /I G ratio was due to reinstallation of the sp 2 domain. 61 The Raman analysis agreed well with the UV-vis results, in which the sp 2 domain was partially recovered aer photoreduction and there is a reduced disorder-induced fraction. 3.2.3. Photoluminescence analysis. Photoluminescence (PL) spectra are shown in Fig. 5 . All GO and PRGOs exhibited a broad peak between 400 and 750 nm, suggesting a wide band gap structure, 62 which supports the band gap results derived from the Tauc plots. The relative PL peak intensity decreased with longer photoreduction time. PRGO-8 and PRGO-10 have the lowest peak intensity, indicating that the rate of electron and hole recombination was possibly reduced with longer photoreduction time. This could be due to partial restoration of the sp 2 domain during photoreduction leading to better electrical conductivity and charge carrier mobility. This is in agreement with previous studies, 63, 64 where higher conductivity led to better charge separation, hence lowering the rate of electron recombination. In addition, the PL peak location was shied slightly from 600-610 nm to 590-600 nm as photoreduction time increases. These ndings agree with others, 65, 66 where the blue-shi in PL was caused by the partial deoxygenation of GO, which led to more sp 2 clusters and less disorderinduced fraction within the p-p* gap.
Results and discussion
Synthesis of PRGOs
3.2.4. XRD analysis. Fig. 6 shows that the XRD pattern of GO has a diffraction peak (001) at 2q ¼ 10.04 , which is typical for exfoliated GO. Aer EPD, the XRD diffraction (001) peak disappeared, while a broad peak (002) with a centre at 2q ¼ 24.5 appeared. This was due to GO deposited and agglomerated on the substrate; hence part of the interlayer spacing had collapsed. The broad (002) peak is a typical pattern of lowered stacking order between the graphene layers. 67,68 XRD patterns of PRGO-0 to PRGO-10 were similar, indicating that the interlayer spacing structure of the PRGOs remained the same aer photoreduction. In addition, peak (100) was present at 2q ¼ 44 for all PRGOs, indicating a short-range order of stacked graphene layers. 69 3.2.5. XPS analysis. An XPS study was used to analyse the elemental composition and oxygen functionalities of the GO and PRGOs. Fig. 7(a and b) displays the high-resolution scan of the XPS spectra C 1 s (284.5 eV) and O1s (532.4 eV) results. In Fig. 7a , the C1s spectra are deconvoluted into four peaks C-C/ C]C (284.5 eV), C-O (286.6 eV), C]O (287.7 eV), and C(O)(OH) (289.6 eV), and then tted using a symmetric Gaussian function. 69 Table 1 summarizes the composition of the 
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functionalities analysed from the C1s spectra and the O : C atomic ratios. The proportion of the C-C/C]C group showed a gradual intensity increase with photoreduction time, where PRGO-10 has the largest composition of 73%. In contrast, the other three oxygen-containing functional groups became less intense, but with a uctuating trend, with photoreduction. The uctuating reducing trend suggested that the UV-A irradiation photoreduction method was random and did not target a specic carbon-oxygen group. From Fig. 7b , it was found that the O1s peak relative area reduced with photoreduction.
Quantitative analysis was carried out to determine the O and C concentrations, the atomic ratio of O : C gradually decreased from 0.44 to 0.25 with longer photoreduction. These results reect that the reduction of PRGO is responsible for the decrease in oxygen content with photoreduction time. In addition, the O : C ratios of PRGO-8 to PRGO-10 were similar, even aer further light irradiation. This indicated that the material might have resisted photoreduction and drastic oxygen functional group reduction aer 8 hours. This is in agreement with a previous study where PRGO was shown to resist further lightinduced reduction unless a higher amount of energy is used. 52 3.2.6. ATR-FTIR analysis. The ATR-FTIR results for GO and PRGOs are shown in Fig. 8 . It was found that all the major oxygen functional groups were present despite photoreduction. The peaks for C]O stretching, C]C (sp 2 of aromatic ring), C-OH group, C-O-C (epoxy), C-O stretching at 1730, 1630, 1380, 1260, and 1040 cm À1 respectively were observed, and only the C-OH group showed a relatively signicant reduction in intensity. These results agreed well with the XPS analysis, where the oxygen groups were still present even aer photoreduction. The C-H 2 group at 2930 cm À1 appeared aer photoreduction, which might be due to the reaction of carbon atoms with the hydrogen ions produced during photoreduction. The formation of hydrogen during photoreduction of GO was also observed in previous studies. 34 
PCO and reusability of PRGO
Methanol was successfully removed by the PRGOs via adsorption and PCO and it was found that the adsorption capacity decreased with increase of the photoreduction time (Fig. 9a) . The adsorption mechanism of methanol on the carbon surface is mainly due to the dipole-dipole interaction between methanol and the oxygen functional groups on the carbon material. 70 A previous study also stated that the elimination of oxygen functional groups on the carbon material reduces its hydrophilicity and decreases the adsorption of polar chemicals. 71 From the XPS results, the concentration of oxygen functional groups on the PRGO was reduced aer photoreduction, leading to lower electronegativity and weaker dipole-dipole interactions between the PRGO and methanol, and so resulting in a lower adsorption.
The photocatalytic activity of methanol was found to follow the order PRGO-8 > PRGO-10 > PRGO-6 > PRGO-4 ¼ PRGO-2 > PRGO-0 ( Fig. 9a and b) . Aer photoreduction, the PCO performance was improved by more than twofold, where PRGO-8 had the highest methanol PCO at 23% and the highest pseudo-rst order rate constant, k, of 0.0025 min À1 . The PCO activity of methanol increased with photoreduction time despite fewer oxygen functional groups and lower adsorption capacity. This is in contrast with some studies that stated that abundant surface hydroxyl groups and high adsorption capacity of photocatalysts (such as TiO 2 ) led to better photoactivity. 72, 73 The involvement of surface hydroxyl groups on the photoactivity of GO is unlikely, as the photoexcited electrons mainly originate from the p / p* transition within the sp 2 orbital. 74, 75 Moreover, there are other studies that have found that adsorption capacity is not the only factor affecting photoactivity. 76, 77 The plausible PCO mechanism on PRGO is depicted in Fig. 10 . First, the UV-A photon energy is absorbed by PRGO because the band gap is less than 3.39 eV. Then the electrons (e À ) and holes (h + ) are generated and act as the oxidizing and reducing sites. The reduction potential of e À in the PRGO conduction band must be more negative than the potential of O 2 /$O 2 À (À0.33 V vs. normal hydrogen electrode (NHE)) 54 to donate an electron and facilitate the production of superoxide from adsorbed oxygen. Whereas the oxidation potential of the h + in the PRGO valence band needs to be more positive than H 2 O/H + + OHc (+2.38 V vs. NHE) 54 to accept an electron and generate hydroxyl radical from adsorbed water.
The potential difference between the generation of superoxide and hydroxyl radical is 2.71 eV. The two ROS attack methanol and decompose it into simpler compounds, such as H 2 O and CO 2 . With longer photoreduction time and less adsorbed methanol on the PRGO, this possibly led to less competition for adsorption sites. 78 Therefore, more O 2 and H 2 O can be adsorbed to generate ROS and thus achieve a higher effiency for PCO. Additionally, the lower PL peak intensity of PRGO-8 and PRGO-10 ( Fig. 5 ) indicated a lower charge recombination rate. This could also lead to better photocatalytic activity 65 as more electron and hole pairs can be utilized for ROS production. Another possible factor affecting methanol PCO is the band gap of the PRGO. The band gap before photoreduction was too wide to be fully photoexcited by UV-A light, but aer photoreduction the band gap was reduced. Hence, more PRGO molecules would become photoactive under UV-A, thus contributing to higher photoactivity. This nding is in agreement with a previous study, where the band gap of GO was found to be a factor affecting its photoactivity for water splitting. 40 Fig. 11 shows that aer ve cycles, the performance of PRGO-8 was almost the same, without any drastic decrease. This result indicates that PRGO-8 is a stable photocatalyst with good reusability.
Conclusions
In conclusion, PRGO photocatalysts were successfully synthesized via a photoreduction technique without using any harmful reducing agent or solvents. This study shows that PRGO is a potential low cost, eco-friendly, and metal-free photocatalyst to carry out indoor PCO of methanol under UV-A irradiation.
Methanol photodegradation was boosted up to 23%, with a rate constant of 0.0025 min À1 , using PRGO-8. This enhancement is mainly due to the smaller band gap and slower electron recombination. The photocatalyst was stable and no signicant loss of performance was observed even aer ve cycles of PCO.
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